INTRODUCTION {#s1}
============

A range of microorganisms assemble into large communities, secreting proteins and other molecular species to form a biofilm which allows them to maintain a controlled environment for their growth and proliferation ([@B1][@B2][@B5]). In addition to the bacteria themselves, biofilms consist of an extracellular polymeric substance (EPS) that forms the structural scaffold of the biofilm and is composed of polysaccharides, nucleic acids, proteins, and lipids. The EPS provides resistance to physical threats; by enabling adhesion to surfaces, it enables retention of water and forms a physical barrier to some toxins. It also promotes many collaborative effects, e.g., by significantly enhancing the rate of horizontal gene transfer and thus increasing antibiotic resistance ([@B6][@B7][@B9]). Aggregated proteins, in the form of functional bacterial amyloids (FuBAs), are a key component of the EPS, providing structural stability to the biofilm ([@B1], [@B10]). Examples of such FuBAs include the *Salmonella* Tafi protein, Xanthomonasaxonopodia harpins, Bacillussubtilis TasA protein ([@B1][@B2][@B3]), Escherichiacoli curli system, and Pseudomonas fluorescens Fap proteins ([@B4], [@B5]).

Along with the protein that aggregates and forms the main component of the amyloid fibrils in the biofilm, several other support proteins are usually expressed in these FuBA systems. Together they form a system for controlled biofilm formation in the extracellular space, as illustrated in [Fig. 1](#fig1){ref-type="fig"}. Generally, to enable biofilm formation and avoid the cytotoxicity commonly associated with unregulated protein aggregation, the amyloidogenic protein needs to be maintained in its soluble form while in the periplasm, exported to the extracellular space, and then nucleated and aggregated on the cell surface. To achieve this goal, aggregation is regulated through transport proteins, transcription factors, chaperones, and even specific auxiliary nucleator proteins that promote the targeted aggregation of monomers at the cell surface ([@B11][@B12][@B15]).

![Schematic mechanism of fibril formation for FuBA *in vivo* with the shared components of the functional amyloid systems in E. coli and P. fluorescens. For simplicity, not all components involved in the two functional amyloid systems are included here. The protein (either FapC or CsgA here) is present within the bacterial cells in its monomeric form, alongside a variety of proteins associated with the same operon as the FuBA protein, which are believed to be responsible for inhibiting aggregation. The monomeric protein is then exported to the extracellular space, where nucleator proteins, also part of the same operon, act to initiate aggregation, which then proceeds by the addition of further monomers. The repeat regions of the monomeric proteins comprise the β-strands in the aggregated form (see the predicted structure of CsgA subunits in the aggregated amyloid state on the top right).](mBio.02279-18-f0001){#fig1}

Despite the abundance of FuBAs in bacterial habitats, very little is known about the intrinsic molecular mechanism by which they assemble into polymers from their monomeric precursor proteins. In this paper, we present an analysis of the *in vitro* aggregation kinetics of the major amyloid-forming units from the Gram-negative bacteria E. coli curli and P. fluorescens FuBA proteins, namely, CsgA and FapC, in order to study their similarities and differences and examine the results in the context of *in vivo* biofilm formation.

The first protein studied in this work is CsgA, the major component of the amyloid in the form of curli fibrils, in biofilms produced by E. coli. Curli fibrils are the most well-characterized FuBA thus far ([@B4]) and have been found to be essential for biofilm formation and bacterial attachment to a wide array of surfaces, ranging from plant cells, to stainless steel, glass, and plastics ([@B16][@B17][@B20]). These FuBAs also play key roles in a wide range of interactions with host proteins and in the invasion of host cells ([@B11], [@B12], [@B21]). The major curli subunit, CsgA, is secreted as an unstructured protein from the cell surface and contains five imperfect repeats with highly conserved glutamine and asparagine residues, considered to be important in amyloid formation ([@B22], [@B23]). Other proteins expressed alongside CsgA are responsible for preventing the aggregation of CsgA within the intercellular environment (CsgC and CsgH \[[@B24], [@B25]\]) while controlling the initiation of aggregation in the extracellular space through export and promotion of nucleation (CsgG, CsgE, CsgF, and CsgB \[[@B12], [@B23]\]) ([Fig. 1](#fig1){ref-type="fig"}).

The second protein studied in this work is FapC, produced by P. fluorescens. In addition to the original strain studied here, many other *Pseudomonas* strains express Fap amyloids, including the pathologically important Pseudomonas aeruginosa ([@B5], [@B26], [@B27]). In *Pseudomonas*, the Fap system has been found in proteobacteria where a high fraction of the strains that have been identified are pathogens (39%) or rhizobacteria (36%). The Fap system appears to function as a virulence-enhancing factor in the pathogenic strains.

The major subunit of the amyloid fibrils is the protein FapC ([@B28]), which contains three repeat motifs of 37 residues that again include highly conserved glutamine and asparagine residues, separated by highly variable linker regions ([@B5]). In analogy to the curli system in E. coli, the additional proteins encoded in the Fap gene are hypothesized to help prevent aggregation within the cell, export FapC to the extracellular space (FapF \[[@B29]\]), or promote nucleation of FapC on the cell surface ([@B5]).

RESULTS {#s2}
=======

Structure and morphology. {#s2.1}
-------------------------

To assess the properties of FapC amyloids formed *in vitro*, the aggregation of recombinant purified FapC was monitored in solution at pH 7.0 and 37°C. The protein was found to assemble spontaneously to form long, entangled fibrils as observed by transmission electron microscopy (TEM) ([Fig. 2b](#fig2){ref-type="fig"}). These findings are similar to those previously observed for the self-assembly of FapC ([@B5], [@B30]) and are consistent with the view that the amyloid-like fibrils formed by FapC are an integral part of the biofilm extracellular matrix.

![Structural properties of FuBAs. (a) TEM image of fibrils formed by unseeded aggregation of 5 μM of recombinantly expressed and purified CsgA incubated for 5 days at 37°C. Bar, 200 nm. (b) TEM image of fibrils formed by unseeded aggregation of 100 μM of recombinantly expressed and purified FapC incubated for 5 days at 37°C. The fibrils of FapC and CsgA were formed in 20 mM sodium phosphate at pH 7 and 50 mM potassium phosphate at pH 7.4, respectively. Bar, 200 nm. (c) Far-UV CD spectra of monomers and of fibrils of CsgA. (d) Far-UV CD spectra of monomers and of fibrils of FapC. Spectra were recorded under the same conditions as for TEM imaging. For both proteins, the monomeric form displays a CD spectrum with a minimum below 200 nm, indicative of predominantly random coil structure, while the CD spectra of fibrils of both proteins display a single minimum at approximately 218 nm, indicative of β-sheet structure. MRE, mean residue ellipticity.](mBio.02279-18-f0002){#fig2}

To assess the changes in secondary structure upon FapC aggregation, we used far-UV circular dichroism (CD) where a transition from a spectrum that has a minimum below 200 nm for the freshly purified monomer to a spectrum with a predominant minimum at approximately 218 nm could be observed after 5 days of incubation at 37°C. This finding is consistent with a transition from a mostly random coil structure to a structure with high β-sheet content upon aggregation ([@B31]) ([Fig. 2d](#fig2){ref-type="fig"}). Moreover, when monomeric FapC was aggregated in the presence of the amyloid-binding fluorescent dye Thioflavin T (ThT), a significant increase in fluorescence was observed over time, consistent with FapC forming amyloid fibrils.

Similarly, recombinant, purified CsgA monomers were observed to assemble spontaneously into β-sheet-rich fibrillar structures at pH 7.4 and 37°C ([Fig. 2a](#fig2){ref-type="fig"} and [c](#fig2){ref-type="fig"}). As in the case of FapC, long fibrillar structures could be observed by TEM, while CD measurements again indicate a shift from a spectrum characteristic of a predominantly random coil structure for the freshly purified monomeric protein to one consistent with formation of β-sheet structure upon aggregation following 5 days of incubation at 37°C.

Kinetic assays. {#s2.2}
---------------

To acquire a detailed molecular understanding of the mechanism by which the monomeric proteins convert into fibrillar structures, we conducted an analysis of the aggregation kinetics for both FapC and CsgA at a range of monomer concentrations ([Fig. 3](#fig3){ref-type="fig"}). A comprehensive set of kinetic models of protein aggregation ([@B32], [@B33]) based on the fundamental steps of self-assembly has successfully been applied to describe many phenomena in protein aggregation in recent years ([@B34][@B35][@B36]). Through these models, the kinetics of aggregation provide access to the rates and reaction orders of the underlying molecular processes, thus for example, allowing one to determine whether new aggregates are mainly formed by the self-replication of existing aggregates or directly from monomers via nucleation. Here, aggregation kinetics were obtained by monitoring the fluorescence intensity of ThT, which is increased upon binding to amyloid fibrils, during the aggregation from initially monomeric protein ([@B37]). For both proteins, the ThT fluorescence intensities at the end points of the aggregation reaction were found to scale linearly with the protein concentration, as shown in [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material, indicating that the signal intensity is proportional to the quantity of fibrils formed. Both proteins exhibited reproducible sigmoidal aggregation curves without any pronounced lag phase. However, while the aggregation of CsgA was essentially complete within 10 to 20 h at monomer concentrations between 2 and 7 μM, the aggregation of FapC was significantly slower, taking 20 to 40 h to reach completion, even at considerably higher monomer concentrations between 50 and 200 μM ([Fig. 3a](#fig3){ref-type="fig"} and [b](#fig3){ref-type="fig"}).

![Experimental kinetic data for the aggregation of FapC and CsgA. (a) Aggregation of CsgA from monomeric samples, as measured by ThT fluorescence (colored dots) at 37°C every 15 min under quiescent, i.e., non-shaking, conditions, 50 mM potassium phosphate, pH 7.4. The monomer concentrations were varied between 2 and 7 μM. Six repeats were carried out at each condition. The data are well fit by a nucleation-elongation model (*n~c~* = 1.12, *k~n~k~+~* = 3.68 × 10^4^ M^−nc^ h^−2^, mean residual error \[MRE\] = 0.00109), schematically shown in panel e, using the AmyloFit interface ([@B33]). (b) Aggregation of FapC at 37°C every 10 min, under quiescent conditions, in 20 mM sodium phosphate (pH 7). The monomer concentrations were between 50 and 200 μM, and three repeats were carried out under each condition. The data were fitted by a nucleation-elongation model (*n~c~* = 1.31, *k~n~k~+~* = 1.81 × 10^3^ M^−nc^ h^−2^, MRE = 0.00115). (c) Aggregation of CsgA in the presence and absence of low concentrations of preformed seeds, at a monomer concentration of 5 μM and seed concentrations of 1 to 100 nM monomer equivalents, was carried out in triplicate repeats. No significant effects of added seeds on the rate of aggregation are evident. (d) 100 μM monomeric FapC was aggregated in the absence of preformed fibril seeds and in the presence of seeds at 1, 10, and 100 nM monomer equivalents in triplicate repeats. No significant effects on the rate of aggregation are evident. (e) Schematic illustration of a nucleation-elongation mechanism for fibrillar assembly. Monomers nucleate with rate constant *k~n~* and reaction order *n~c~*; the nuclei then grow by the addition of further monomers to the fibril ends with rate constant *k~+~*.](mBio.02279-18-f0003){#fig3}
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CD analysis of FapC and CsgA monomers and end-ThT scaling with initial monomer concentration and half-time analysis. (Top) CD analysis of FapC and CsgA monomer structure. (A) Far-UV CD spectra of FapC and CsgA monomers. (B) Deconvolution of the Far-UV CD spectra shown in panel A using the K2d algorithm on the Dichroweb server ([@B1], [@B2]). The percentage contribution of various structural components is given for the monomeric form of both proteins. (Middle) A linear scaling of the ThT fluorescence intensity with respect to the monomer protein concentration is seen for both proteins. The error bars are shown in the plot. (C) End-ThT level of FapC triplicates plotted against the initial monomer concentration. (D) End-ThT level of six replicates of CsgA plotted against the initial monomer concentration. (Bottom) The logarithm of the half time (the time it takes to reach half of the maximum ThT signal) of aggregation plotted against the logarithm of the initial monomer concentration. (E) Half-time analysis of FapC kinetic data gives a straight line with the slope giving a scaling component of −0.665. (F) Half-time analysis of CsgA kinetic data gives a straight line with the slope giving a scaling component of −0.563. The straight lines in both plots indicate that the dominant mechanism of fibril multiplication is the same for all monomer concentrations for both proteins. Download FIG S1, PDF file, 0.3 MB.
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In order to determine the mechanism of aggregation, the data for each protein system were fitted globally, at all monomer concentrations simultaneously, by kinetic equations using the Amylofit interface ([@B33]) (see [Text S1](#textS1){ref-type="supplementary-material"} in the supplemental material for details on the equations used in the fitting). High-quality global fits were achieved for both proteins assuming a simple nucleated polymerization (or nucleation-elongation) mechanism ([Fig. 3e](#fig3){ref-type="fig"}). In this model of linear self-assembly, the protein monomers form an initial nucleus with rate constant *k~n~* and reaction order *n~c~*. In subsequent steps, the aggregates then grow by the addition of further monomers to the fibril ends with rate constant *k~+~*. Notably, each new fibril must be initiated through a specific nucleation event from monomeric proteins in this mechanism. Of particular importance is the observation that, to be consistent with this nucleated polymerization mechanism, the fibrils themselves are unable to self-replicate through secondary processes to any significant degree. This result was further verified through seeded experiments as detailed below. This observed lack of self-replication is in contrast to some disease-related amyloid fibrils, such as those formed by the Aβ peptide ([@B34]) or α-synuclein ([@B38]) protein, associated with Alzheimer's and Parkinson's disease, respectively ([@B39], [@B40]), where the main generator of new aggregates is a surface catalyzed self-replication process. Thus, a negligible rate of self-replication is potentially a requirement for the controlled formation of biofilm structures. The kinetic parameters for the global fits for FapC and CsgA are shown in [Fig. 4](#fig4){ref-type="fig"} and [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material.

![Comparison of the rate constants of primary nucleation and the elongation for CsgA and FapC. The rate constants of elongation (left bars, left axis), are comparable for the two proteins. The rate of primary nucleation evaluated at monomer concentrations of 10 μM (right bars, right axis), is significantly higher for CsgA than for FapC, which accounts for the significant differences in overall aggregation rate of the two proteins. The error bars denote a factor of three, a conservative estimate of the error which originates mainly from the inaccuracy in the determination of the fibril dimensions (see Materials and Methods).](mBio.02279-18-f0004){#fig4}
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Kinetic parameters for global fitting of the experimental data for FapC and CsgA to a nucleation-elongation model, where *n~c~* is the reaction order of the primary nucleation process, *k~n~* is the rate constant for the primary nucleation process, and *k*~+~ is the rate constant for the elongation of existing fibrils. Download Table S1, PDF file, 0.1 MB.
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10.1128/mBio.02279-18.8

Equations for global fitting to a nucleation-elongation model. Download Text S1, PDF file, 0.2 MB.
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To probe further the mechanism of aggregation through nucleated polymerization, and in particular to verify the absence of any significant self-replication processes, we performed experiments in the presence of low concentrations of preformed fibril seeds ([Fig. 3c](#fig3){ref-type="fig"} and [d](#fig3){ref-type="fig"}). Such experiments provide a direct means of probing the ability of fibrils to self-replicate ([@B41], [@B42]). When up to 1% of the total protein mass present at the start of the reaction was in the form of seed fibrils, no effects on the aggregation kinetics of either CsgA or FapC were observed, confirming the absence of detectable levels of self-replication processes under the conditions studied and hence supporting the proposed nucleation-elongation mechanism. Finally, to explore the relevance of this kinetic analysis performed in solution *in vitro* to processes occurring at the surfaces of bacterial cells, we derived the integrated rate laws describing the kinetics of the aggregation process taking place at a surface ([Text S2](#textS2){ref-type="supplementary-material"}). We find that, as long as monomeric proteins diffuse faster than they are being consumed by aggregates, the model recovers the same form as that used for the analysis of the *in vitro* data.

10.1128/mBio.02279-18.9

Integrated rate law for kinetics of aggregation at the cell surface. Download Text S2, PDF file, 0.2 MB.
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Origin of the differences in FapC and CsgA aggregation. {#s2.3}
-------------------------------------------------------

The global fits to the time courses of the aggregation of FapC or CsgA from monomeric protein solutions yield a combined elongation-nucleation rate constant *k~n~k~+~* ([Table S1](#tabS1){ref-type="supplementary-material"}). The value of this combined rate constant was found to be approximately 3 orders of magnitude higher for CsgA than for FapC. In agreement with this finding, the overall aggregation propensity score assigned to each protein by means of the prediction algorithm Zyggregator ([@B43], [@B44]) is significantly higher for CsgA (0.93 ± 0.05 compared to 0.80 ± 0.04 for FapC \[[Fig. S2](#figS2){ref-type="supplementary-material"}\]). The increased number of repeat units in CsgA, five compared to the three found for FapC, may be a reason for its elevated aggregation propensity compared to FapC.

10.1128/mBio.02279-18.2

The aggregation propensity at each amino acid position for CsgA and FapC as calculated by the aggregation propensity prediction algorithm Zyggregator ([@B4]). Using the software, the overall aggregation propensity, *z*~agg~, of FapC is found to be 0.801 ± 0.039, while for CsgA, it is 0.928 ± 0.046. Download FIG S2, PDF file, 0.2 MB.
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In order to determine the relative contributions of the rates of elongation and nucleation to the difference in the overall aggregation rate, we carried out aggregation experiments in the presence of high concentrations of preformed fibril seeds. These experiments, together with measurement of the average length of seed fibrils ([Fig. S3](#figS3){ref-type="supplementary-material"} and [S4](#figS4){ref-type="supplementary-material"} and [Tables S2](#tabS2){ref-type="supplementary-material"} and [S3](#tabS3){ref-type="supplementary-material"}), allow the rate constant of elongation to be estimated in each case. The values of the elongation rate constants determined for the two proteins were found to be similar, differing by only a factor of 4, which is insignificant given the uncertainties inherent in the estimation of the fibril seed lengths. This finding indicates that the major contribution to the differences in the *in vitro* aggregation rates between the two proteins is the significantly lower primary nucleation rate of FapC ([Fig. 4](#fig4){ref-type="fig"}).

10.1128/mBio.02279-18.3

Fitting of seeded aggregation kinetic data of FapC. (Top) Analysis of the initial gradient during seeded aggregation used to estimate the elongation rates. The initial gradient (first 30 min) of the above two data sets is plotted against the free monomer concentration. A straight line was fitted to these points, its slope was proportional to the number of seed fibrils, and the elongation rate was constant. A slight effect of saturation of elongation can be seen at high concentrations, as observed frequently in such systems ([@B6][@B7][@B8]); hence, these points (red) were excluded. (Bottom) Global fitting of seeded aggregation kinetic data. The data were fitted to a nucleation elongation model with added seeds. The parameters *k*~+~ and *k~n~* were allowed to vary, while their product *k*~+~ *k~*n*~* was held constant at the value obtained for the unseeded data (see [Table S2](#tabS2){ref-type="supplementary-material"}). For FapC, a constant seed concentration of 50 μM and monomer concentrations ranging from 25 μM to 175 μM are used. For CsgA, a constant seed concentration of 5.3 μM and monomer concentrations ranging from 2.72 μM to 9.08 μM are used. Download FIG S3, PDF file, 0.2 MB.
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Measurements of fibril seed lengths from TEM image of sonicated fibril seeds. The scale bar indicates 100 nm. The image is of FapC fibril seeds and is representative of a larger set of fibril seeds analyzed. Download FIG S4, PDF file, 0.2 MB.
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Kinetic parameters for global fitting of the experimental data for seeded aggregation of FapC and CsgA to a nucleation-elongation model. *M*~0~ is the concentration of fibril seeds. *P*~0~ is the number concentration of seed fibrils. *n~c~* is the reaction order of the primary nucleation process. *k~n~* is the rate constant for the primary nucleation process, and *k*~+~ is the rate constant for the elongation of existing fibrils. The values for the elongation rates are within a factor of two of those determined from the initial gradient analysis. Download Table S2, PDF file, 0.1 MB.
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Dimensions of FapC and CsgA fibril seeds in nanometers extracted from TEM images. A total of 480 fibril seeds for both proteins have been analyzed. An average density of amino acids of 1.35 g/cm^3^ is used in the calculations. Download Table S3, PDF file, 0.1 MB.
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As *in vivo* the aggregation process of both CsgA and FapC is thought to be actively initiated on the cell surface, the intrinsic primary nucleation rates we observed *in vitro* are unlikely to be relevant in the *in vivo* context. In contrast, the *in vitro* elongation rates are likely to be good estimates of the *in vivo* rates, a conclusion that is consistent with the fact that the biofilms of the two bacterial species are formed over comparable timescales *in vivo* ([@B45], [@B46]). Since both proteins originate from Gram-negative species, this could indicate a general mechanism for Gram-negative bacterial species forming biofilms.

Comparison of the rates of aggregation and biofilm growth. {#s2.4}
----------------------------------------------------------

In order to explore the significance of the values of the elongation rates obtained here, we have compared them to the speed of biofilm spreading *in vivo* measured previously. While our *in vitro* measurements lack several components found in the EPS, such as polysaccharides, nucleic acids, and lipids, they allow us to measure the intrinsic rate of amyloid growth, a subprocess of the complex mechanism of biofilm formation. The rate *in vivo* may be limited by slow diffusion in the EPS or competition of other species with free fibril ends and monomers or may be increased by the presence of interfaces for fibrils to grow on. Regardless of the specific mechanism, from measurements of the total timescale of biofilm formation, we can obtain a lower bound on the rate of amyloid formation required, as the subprocess of amyloid formation must be completed within the time of overall biofilm formation. Studies of biofilm formation *in vivo* have revealed that the biofilm EPS matrix is produced predominantly at the edge of the biofilm by cells in a region of constant thickness, which spreads outwards as the central regions of the biofilm mature ([Fig. 5](#fig5){ref-type="fig"}). By using previously published measurements of the thickness and spreading speed of this region, we find that an amyloid growth rate on the order of 100 nm/h or 0.03 nm/s is required to allow for the observed rates of biofilm formation, the estimation is detailed in Text S3 in the supplemental material. Note that this is a lower bound, so the actual rate of amyloid formation *in vivo* may be significantly higher, but it cannot be lower if a biofilm is to be formed on the observed timescales.

![Comparison of *in vitro* and *in vivo* aggregation. (a) The formation of the biofilm matrix occurs in a region that is located along the edge of the biofilm (orange). Cells spend approximately 10 h in this region until the biofilm is mature (blue). During this time, an interlinked network of amyloid fibrils is formed. (b) The amyloid growth rates predicted from the *in vitro* measurements of the elongation rate constant at 1, 10, and 100 μM monomeric protein (blue bars). The green region highlights the fibril growth rate required to allow for the observed spreading rates of the biofilms *in vivo*.](mBio.02279-18-f0005){#fig5}

Having thus obtained a requirement for the minimal rate of amyloid growth from direct observations of biofilm formation *in vivo*, we now compare this rate to our *in vitro* measurements. To convert the *k~+~* rate constant to a growth rate in units of length per time, the concentration of available monomer, *m*~0~, needs to be estimated, as the rates are determined by the product of the rate constant and monomer concentration, *k~+~m*~0~.

The rates of growth from the *in vitro* measurements for a number of different monomer concentrations are shown in [Fig. 5b](#fig5){ref-type="fig"} and compared to the lower bound for the rate estimated *in vivo*. Strikingly, the growth rates that we measured *in vitro* are low compared to the minimal required rate *in vivo*. Only at monomer concentrations of tens of micromolar are the required growth rates of 0.03 nm/s reached. Based on our observations of the total yield of FuBAs in bacterial cultures, the extracellular monomer concentration in the biofilm is likely to be below 10 μM ([Text S3](#textS3){ref-type="supplementary-material"}). Thus, there must be mechanisms in the biofilm that lead to an increased rate of amyloid growth, either by increasing the local concentration of monomeric precursors or by other means such as a surface to template growth (for example, Sleutel et al. \[[@B47]\] find a significantly higher rate of growth on mica surfaces than we do in solution). This low rate of aggregation compared to the speed of biofilm spread suggests both a potential role of amyloid formation as a control mechanism in biofilm formation and a desire by the organism to minimize the aggregation propensity.
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Details of comparison to *in vivo* behavior. Download Text S3, PDF file, 0.3 MB.
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DISCUSSION {#s3}
==========

We have conducted a detailed kinetic analysis of the aggregation of two functional amyloid proteins from unrelated bacteria, E. coli and P. fluorescens. We found that both proteins aggregate through a mechanism involving only primary nucleation and elongation, while the contribution of secondary processes that give rise to self-replication of aggregates is negligible in both cases. *In vivo*, the fact that the fibrils do not self-replicate may allow the generation of new fibrils to be initiated exclusively through nucleator proteins at the cell surface. By preventing fibrils from self-replicating at random locations in the extracellular space, this mechanism thus provides the bacterial cells with the possibility to regulate both the number and location of the fibrils formed, and thereby to control important properties of the biofilm.

It is remarkable that even though the two proteins from E. coli and P. fluorescens are genetically distinct (with only approximately 10% sequence identity), they show striking similarities in their aggregation behavior. The differences observed during *in vitro* aggregation are almost exclusively due to differences in the rates of nucleation, a process that is likely to proceed *in vivo* via a different pathway, controlled by additional nucleator proteins. In contrast, the rate constants of fibril growth are very similar for the two proteins and significantly lower than those observed for disease-related amyloid fibrils such as those of the Aβ polypeptide ([@B35]).

By comparing the rates of biofilm growth *in vivo* to those of amyloid elongation *in vitro*, we found that to achieve the observed rates of biofilm spreading, high local concentrations of the monomeric precursor proteins or other rate-enhancing factors are required *in vivo*. Thus, it appears that these functional amyloid structures have been optimized to strike a balance between a relatively low aggregation propensity, potentially to avoid unwanted aggregation within the cell, and fast biofilm formation that is required in a functional context. The likely presence of specific mechanisms to locally concentrate monomeric protein molecules or even to enhance the rate of elongation in relevant locations of the biofilm by other means suggests that amyloid growth may be a rate-limiting step in biofilm formation. If this were the case, biofilm growth could be inhibited by inhibitors of amyloid formation. Indeed, there is evidence that inhibitors of aggregation also tend to inhibit biofilm formation ([@B48], [@B49]). In the context of Parkinson's and Alzheimer's disease, the inhibition of amyloid formation is a major therapeutic target, with the inhibition of self-replication by secondary nucleation being the most promising candidate ([@B36]). We propose that similarly, biofilm formation may be targeted by aggregation inhibitors, but unlike in the aggregation of Aβ and α-synuclein in Alzheimer's and Parkinson's disease, in the case of biofilm-forming amyloids, one should target the elongation step rather than the self-replication step.

In conclusion, nature appears to favor proteins with a specific set of self-assembly properties as the building blocks for the amyloid components of biofilms. Namely, such proteins should display a low elongation rate (possibly to provide a means of limiting biofilm formation) and lack the ability to self-replicate to allow control over the rate of formation and over the location of new fibrils. We believe the key processes and mechanisms revealed in this work will set the ground for understanding the role of amyloid growth as a potentially limiting factor of biofilm formation and highlight that growth rather than self-replication of fibrils should be the target for potential inhibitory agents.

MATERIALS AND METHODS {#s4}
=====================

His-tagged FapC and CsgA were recombinantly expressed without the corresponding signal sequence using Escherichiacoli BL21(DE3). Both proteins were purified using Ni-affinity chromatography resin in 8 M guanidine hydrochloride buffer. FapC was desalted into 20 mM sodium phosphate (pH 7) using a PD10 desalting column (GE Healthcare, USA). CsgA was desalted into 50 mM potassium phosphate (pH 7.4) using a HiTrap desalting column (GE Healthcare, USA). The aggregation kinetics of both proteins were monitored during incubation at 37°C using ThT fluorescence. For seeded experiments, the preformed and sonicated fibril seeds were added immediately before incubation. The kinetics of aggregation were fitted globally using the AmyloFit interface at [www.amylofit.ch.cam.ac.uk](http://www.amylofit.ch.cam.ac.uk).

Recombinant expression and purification of FapC. {#s4.1}
------------------------------------------------

E. coli BL21(DE3) cells were transformed with the pET 28a vector containing the gene for FapC (residues 25 to 250) from the Pseudomonas fluorescens strain UK4 without the signal sequence (residue 1 to 24) and with the six-residue His tag at the C terminus. The cells were grown on LB agar plates with kanamycin at 37°C, and the colonies were transferred to LB medium with kanamycin and grown to an optical density at 600 nm (OD~600~) of ∼1. Protein expression was induced by adding IPTG to a final concentration of 1 mM, followed by incubation for 3 h. The cells were harvested and resuspended in 20 ml 50 mM Tris-HCl (pH 8) and 8 M guanidine hydrochloride per liter of culture and lysed by sonication. Cell debris was removed by centrifugation for 30 min at 5,000 × *g*. The supernatant was then loaded onto a His-trap column (Super Nickel NTA resin; Generon, UK). The column was washed with increasing concentrations of imidazole (0, 30, 60, and 120 mM in 50 mM Tris-HCl \[pH 8\], 8 M guanidine hydrochloride) and eluted with 300 mM imidazole, 50 mM Tris-HCl (pH 8), and 8 M guanidine hydrochloride. The resulting fractions were analyzed by SDS-PAGE following ethanol precipitation, and the guanidine hydrochloride was removed before use, using a PD10 desalting column (GE Healthcare, USA) equilibrated in 20 mM sodium phosphate (pH 7) using the gravity protocol.

Recombinant expression and purification of CsgA. {#s4.2}
------------------------------------------------

The gene encoding the mature form of CsgA (residues 22 to 151) was amplified by PCR from E. coli BL21(DE3) genomic DNA. The product was ligated into pET28a using NcoI and XhoI sites to be in frame with a C-terminal six-residue His tag. CsgA~22-151~-His was expressed in *E*. *coli* BL21(DE3) cells grown in TB medium at 37°C. The cells were grown to an OD~600~ of ∼1.0, and protein expression was induced by adding IPTG to a final concentration of 0.5 mM. After 1.5 h, the cells were harvested by centrifugation at 4,000 × *g* in 300-ml aliquots and flash frozen in liquid nitrogen. Purification of CsgA was performed essentially as described by Zhou et al. ([@B50]), with modifications as described below. Each aliquot of frozen cells was defrosted and mixed thoroughly in 30 ml solubilization buffer (8 M guanidine hydrochloride, 50 mM potassium phosphate, 0.1 M NaCl \[pH 7.8\]). The samples were then sonicated to promote cell lysis and to break up any preformed CsgA aggregates using a 4-mm probe tip for 60 s in 0.5-s bursts. After gentle rocking at room temperature for 1 to 2 h, the lysate was centrifuged at 17,000 rpm to remove insoluble debris. Solubilized CsgA was captured by adding 600 µl TALON resin (TaKaRa Bio, USA) in a 50% slurry and rocking gently for 1 h at room temperature. The resin was collected by centrifugation for 3 min at 500 × *g* and transferred to a 1-ml polypropylene column (Qiagen, Netherlands) and moved to a cold room for subsequent steps. Nonspecifically bound protein was washed off the column using sequential aliquots of the following: (i) 1 ml solubilization buffer; (ii) 1 ml ice-cold 1.6 M guanidine hydrochloride, 50 mM potassium phosphate, 0.1 M NaCl (pH 7.8); (iii) 1 ml ice-cold 50 mM potassium phosphate, 0.1 M NaCl (pH 7.8); (iv) 2 ml ice-cold 50 mM potassium phosphate, 0.1 M NaCl, 2 mM imidazole (pH 7.8). CsgA was eluted directly into a 4-ml Amicon centrifugal concentrator (30,000 MWCO, prewashed in assay buffer) using 1.6 ml ice-cold 50 mM potassium phosphate, 0.1 M NaCl, 500 mM imidazole (pH 7.8). The washing and elution steps were performed in less than 5 min to minimize fibril formation prior to use. The sample was centrifuged for 10 min at 4,000 × *g* at 4°C to remove aggregates, and the filtrate was injected through a 5-ml HiTrap desalting column (GE Healthcare, USA) preequilibrated in ice-cold assay buffer (50 mM potassium phosphate, pH 7.4). Protein concentrations were measured using a Nanodrop spectrophotometer (Thermo Scientific, USA).

Measurement of FapC aggregation kinetics. {#s4.3}
-----------------------------------------

Samples of desalted FapC were passed through a 0.22-μm filter and diluted to the required concentrations. ThT was added to the protein solutions to a final concentration of 40 μM, and the solutions were transferred to 96-well black Corning polystyrene half-area microtiter plates with a nonbinding surface. The plates were sealed to prevent evaporation and placed in a Fluostar Omega plate reader (BMG Labtech, Germany). The plates were incubated at 37°C under quiescent conditions, and the ThT fluorescence (excitation, 450 nm; emission, 482 nm) was measured every 10 min. When experiments were carried out in the presence of preformed fibril seeds, these were added immediately before the plates were sealed. Fibril seeds were produced by sonicating protein fibrils that had been generated by incubation of 100 μM FapC at 37°C under quiescent conditions for 4 days. The protein fibrils were sonicated for 30 s using a Sonoplus sonication probe (Bandelin, Germany). Note that the lower reproducibility of aggregation kinetics at low concentrations is likely a consequence of extrinsic stochastic factors that have an increased effect at low protein concentrations over the long aggregation timescales.

Measurement of CsgA aggregation kinetics. {#s4.4}
-----------------------------------------

Samples of desalted CsgA were diluted into 50 mM potassium phosphate buffer at pH 7.4 as required. ThT was added to the protein solutions to a final concentration of 40 μM, and the solutions were transferred to 96-well black Corning polystyrene half-area microtiter plates with a nonbinding surface. The plates were sealed to prevent evaporation and placed in a SpectraMax M2e plate reader (Molecular Devices, USA). The plates were incubated at 37°C, and the ThT fluorescence (excitation, 438 nm; emission, 495 nm) was measured every 15 min with shaking for 10 s prior to each measurement. When fibril seeds were present, they were added immediately before the plate was sealed. The fibril seeds were produced by sonicating protein fibrils for 30 s using a Sonoplus sonication probe (Bandelin, Germany). The kinetics of aggregation were fitted globally using the AmyloFit interface ([@B33]) at [www.amylofit.ch.cam.ac.uk](http://www.amylofit.ch.cam.ac.uk). The equations used in the fitting are based on a master equation approach ([@B32]) and are given in [Text S1](#textS1){ref-type="supplementary-material"} in the supplemental material.

Transmission electron microscopy (TEM). {#s4.5}
---------------------------------------

Fibril samples (5 μl) were applied to carbon-coated nickel grids, stained with 2% (wt/vol) uranyl acetate, and imaged on a FEI Tecnai G~2~ transmission electron microscope (Multi-Imaging Unit in the Department of Physiology, Development and Neuroscience, University of Cambridge, UK). Images were analyzed using the SIS Megaview II Image Capture system (Olympus, Japan).

Calculation of the elongation rate constant. {#s4.6}
--------------------------------------------

Seeded aggregation with high concentrations of preformed fibril seeds was carried out at 5.3 μM fibrils and monomer concentrations between 2 and 9 μM for CsgA and 50 μM fibrils at monomer concentrations between 50 and 200 μM for FapC. These experiments were used to estimate the rates of fibril elongation. The initial gradients (first 30 min) of the kinetic curves were determined and plotted against the monomer concentrations ([Fig. S3](#figS3){ref-type="supplementary-material"}). The increases in the initial rates were found to be 0.6 h^−1^ for FapC and 0.7 h^−1^ for CsgA. This quantity corresponds to *k*~+~*P*~0~, where *[k]{.ul}*~+~ is the elongation rate constant and *P*~0~ is the number concentration of seed fibrils (for details, see references [@B33] and [@B35]). The *P*~0~ values were determined from measurements of the average seed length from TEM ([Fig. S4](#figS4){ref-type="supplementary-material"}) and the knowledge of the mass concentration of seeds. The average seed lengths were found to be 30 nM for FapC and 8 nM for CsgA and were estimated to be accurate to within a factor of approximately three (standard errors of the measurements are significantly lower, but we give this more generous estimate of the error to account for the fact that the distributions measured by TEM may be biased from the distributions actually present in solution during seeding). This information enabled us to give a final estimate of the rate constants of elongation as approximately 6,000 s^−1^ M^−1^ for FapC and 24,000 s^−1^ M^−1^ for CsgA. Given the uncertainties in the estimations of *P*~0~ and the initial gradients, these two rate constants do not differ significantly in comparison to differences in other kinetic parameters. For consistency, the seeded aggregation experiments were also fitted to the same kinetic equations as the unseeded ones, yielding good fits and elongation rates of 3,100 s^−1^ M^−1^ for FapC and 21,000 s^−1^ M^−1^ for CsgA, in close agreement with the values from measurements of the initial gradients ([Fig. S3](#figS3){ref-type="supplementary-material"}).

Far-UV circular dichroism spectroscopy. {#s4.7}
---------------------------------------

Circular dichroism (CD) spectra for wavelengths from 250 nm to 200 nm, with a step size of 0.5 nm, bandwidth of 2 nm, and scan speed of 50 nm/min, were recorded at 25°C with a J-810 CD spectrometer (Jasco, Japan) using a 1-mm quartz cuvette (Hellma, Germany). Five spectra were averaged for each sample, and the buffer spectra were subtracted from each. Samples containing fibrils were subjected to sonication for 2 s with a Sonoplus sonication probe (Bandelin, Germany) and inspected to ensure the absence of visible aggregates in the cuvette prior to analysis.
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